I N T R O D U C T I O N
were apparently the first people to publish a phylogenetic tree for the ticks (suborder Ixodida) ; however, hypotheses about the evolutionary relationships of ticks had been proposed well before this (e.g. Pomerantsev, 1948 ; Camicas & Morel, 1977) . The Hoogstraal and Aeschlimann phylogeny was inferred from intuition about the relative ' primitiveness ' of the morphology and life cycles of ticks, and their hosts. An alternative phylogeny was proposed by Filippova (1993 Filippova ( , 1994 , but the trees of Hoogstraal & Aeschlimann (1982) and Filippova (1993 Filippova ( , 1994 were not tested until the mid 1990s. The phylogeny of ticks was first studied with molecular characters in the 1990s; there have been 30 papers on the molecular phylogeny and evolution of ticks and, although they have not always agreed, a consensus on phylogenetic relationships of ticks has emerged : Wesson & Collins (1992) ; Wesson et al. (1993) ; Black & Piesman (1994) ; Caporale et al. (1995) ; McLain et al. (1995a, b) ; Rich et al. (1995) ; Crampton, McKay & Barker (1996) ; Klompen et al. (1996) ; Norris et al. (1996 Norris et al. ( , 1997 ; ; Zahler et al. (1997) ; Barker (1998) ; Black & Roehrdanz (1998) ; Crosbie, Boyce & Rodwell (1998) ; Mangold, Bargues & Mas-Coma (1998 a, b) ; Dobson & Barker (1999) ; Murrell, Campbell & Barker (1999) ; Norris, Klompen & Black (1999) ; Fukunaga et al. (2000) ; Klompen et al. (2000) ; Murrell, Campbell & Barker (2000 a, b, 2003 ; Beati & Keirans (2001) ; Ushijima et al. (2003) ; Xu et al. (2003) . Cuticular hydrocarbon composition has also been used to infer phylogenies of populations of ticks (Estrada-Peñ a, Castellá & Morel, 1994 ; Estrada-Peñ a, Castellá & Moreno, 1994 ; EstradaPeñ a et al. 1997) , and Hutcheson et al. (2000) reviewed progress in tick molecular systematics. At least eight papers have been published on the phylogeny and evolution of ticks inferred from morphology and other phenotypes : Klompen (1992) ; Klompen & Oliver (1993) ; Hutcheson et al. (1995) ; Klompen et al. (1997 Klompen et al. ( , 2000 ; Borges et al. (1998) ; Klompen (1999) ; Beati & Keirans (2001) ; Murrell et al. (2001b) .
Part I of this review draws together recent advances in our understanding of the phylogeny of ticks and shows how robust phylogenetic trees can help us to interpret the evolution of ticks and make informed changes to their taxonomy and nomenclature. Phylogenies of tick groups inferred from different sets of characters have not always been congruent ; however, consensus has emerged about many tick relationships. Part II of the review deals with the taxonomy and nomenclature of ticks. Table 1 is a list of the valid genus and species names as at February 2004.
P H Y L O G E N E T I C S O F T I C K S -R E C E N T A D V A N C E S
The sister-group of the ticks Discovery of the sister-group, the nearest relatives, of the ticks will reveal much about the evolution of the ticks ; then we will be able to root our phylogenetic trees with confidence. There are two main competing hypotheses : (1) that the sister-group of the Ixodida is the Order Holothyrida (Lehtinen, 1991) (((Ixodida, Holothyrida) , Mesostigmata) Opilioacarifornes) ; and (2) that the sister-group of the Ixodida is the Order Mesostigmata (Krantz, 1978) (((Ixodida, Mesostigmata) , Holothyrida), Opilioacariformes). The presence of Haller's organ, the ability to retract the gnathosoma, and a similar type of musculature at the base of the gnathosoma in ticks and holothyrid mites, which are putatively derived characters for the Acari, was the basis of Lehtinen's (1991) hypothesis that the sister-group of the ticks is the Holothyrida. Both of the tests of these hypotheses indicate that the sister-group of the Ixodida is the Holothyrida : Dobson & Barker (1999) (small subunit (SSU) rDNA) and Klompen et al. (2000) (total evidence analysis of morphology, SSU rDNA, large subunit (LSU) rDNA, 16S rDNA (mitochondrial)). However, it is still not certain that the sistergroup of the ticks is the Holothyrida. More data are needed.
Phylogeny of the Ixodida
Here is our interpretation of the working hypothesis of the phylogeny of the subfamilies of ticks in use by many current tick systematists. This tree is based on information from the papers cited in the introduction to this paper.
We highlight five features of the tree.
The phylogenetic relationships of the three tick families are unresolved. The phylogeny of the three families of ticks, Ixodidae (hard ticks), Argasidae (soft ticks) and Nutalliellidae, is still unresolved (Fig. 1 ). This is due to the fact that Nuttalliella namaqua, the only species in the Nuttalliellidae, has not been collected for many years. Attempts to amplify DNA from museum specimens by the Black and Barker groups resulted only in the amplification of DNA from fungi that had infected the specimens either before or after their death (unpublished data).
The Rhipicephalinae is paraphyletic. The subfamily Hyalomminae is embedded within the Rhipicephalinae (see below for a more detailed description of phylogenetic relationships in Rhipicephalinae).
Monophyly or paraphyly of Ixodes ?
There is evidence that the genus Ixodes has two main lineages, the Ixodida) . This hypothesis was proposed from analyses of nucleotide sequences and phenotypes by Black & Piesman (1994) ; Crampton et al. (1996) ; Black et al. (1997) ; Dobson & Barker (1999) ; Klompen et al. (2000) and Murrell et al. (2001 b) . [Note added in press : ' Australian-New Guinea Ixodes ' should read ' Australasian Ixodes '.] The genus Boophilus is now a subgenus of the genus Rhipicephalus.
Australasian Ixodes and the other Ixodes (Klompen, 1999 ; Klompen et al. 2000) . Our working hypothesis has the genus Ixodes as a monophyletic lineage (Fig. 1) . This is the traditional view ; however, it is far from certain that this is correct. Indeed, morphological and molecular characters provide only weak evidence for monophyly of the genus Ixodes (Dobson & Barker, 1999 ; Klompen et al. 1997 Klompen et al. , 2000 . The Australasian Ixodes may even be the sister-group to the rest of the Metastriata, but this idea is based at this stage on analysis of rDNA alone (Dobson & Barker, 1999 ; Klompen et al. 2000) . The evolutionary relationships of most Ixodes species have not been studied so it is not known exactly how many species of the extant Ixodes belong to the Australasian Ixodes lineage. Analyses of morphology and nucleotides indicated that I. tasmani, I. holocyclus and I. uriae (=the I. tasmani group sensu Klompen et al. 2000) and I. antechini, I. ornithorhynchi belong to this lineage . A new lineage of Australian ticks. Dobson & Barker (1999) and Klompen, Dobson & Barker (2002) reported a new lineage of ticks that infest reptiles in Australia : the five species of Bothriocrotoninae (Klompen, Dobson & Barker, 2002) . This group was first recognized by Kaufman (1972) as one of the three groups of Aponomma species, the ' indigenous Australian Aponomma species ', primarily on the basis of morphology. Analyses of SSU rDNA (Dobson & Barker, 1999) and evidence from morphological characters indicate that this lineage is the sister-group to the rest of the Metastriata rather than being one of the three lineages of the genus Aponomma. Klompen et al. (2000) also had the endemic Australian Aponomma species in a separate lineage to the other Aponomma and Amblyomma species (Amblyomminae) but this lineage was the sister-group to three species of Haemaphysalis in their trees, rather than to the rest of the Metastriata.
Phylogeny of the Argasidae. There has been little molecular study of the Argasidae, but Klompen (1992) and Klompen & Oliver (1993) studied the morphology and systematics of these ticks and confirmed that there were two lineages (=subfamilies Argasinae and Ornithodorinae). The species and genera in these subfamilies were revised by Klompen & Oliver (1993) . Black & Piesman (1994) and Crampton et al. (1996) found evidence of paraphyly of the Argasidae from 16S rDNA, 18S (SSU) V4 rDNA and 28S (LSU) rDNA (the two studies differed in the type of paraphyly) but subsequent study with complete 18S (SSU) rDNA sequences indicate that the Argasidae is monophyletic . et al. (1995, 1997) ; Norris et al. (1996 Norris et al. ( , 1997 . Xu et al. (2003) found evidence that the 11 species in the I. ricinus complex were not monophyletic unless three other species, I. muris, I. minor and I. granulatus, were added to this complex.
Phylogeny and evolution of rhipicephaline ticks. There has been much recent progress in our understanding of the taxonomy and phylogeny of the Rhipicephalinae, so we review this work in detail. Murrell et al. (1999 Murrell et al. ( , 2000 and Beati & Keirans (2001) used molecular and morphological characters to infer the phylogeny of the group. Here is our working hypothesis of the Rhipicephalinae (Fig. 2 , after Murrell et al. 2001 b) . We highlight five features of the tree : (1) Anocentor nitens is embedded in the genus Dermacentor Koch, 1844 ; (2) Hyalomma aegyptium, the only species in the subgenus Hyalommasta Schulze, 1930, is embedded in the lineage of the subgenus Hy. (Hyalomma) so the subgenus Hyalommasta should not be retained. Hyalomma aegyptium is the type species of the genus Hyalomma so the subgenus Hyalommasta is invalid (Robbins et al. 1998) (5) There is substantial molecular and morphological evidence that the sister-group to the subgenus Rhipicephalus (Digineus) (=R. evertsi group) plus the R. pravus group, is the subgenus R. (Boophilus) plus perhaps the genus Margaropus (Mangold et al. 1998 b ; Murrell et al. 2000 Beati & Keirans, 2001 ). This makes the genus Rhipicephalus paraphyletic with respect to the subgenus R. (Boophilus).
Phylogeny inferred from the mitochondrial genomes of ticks
Nucleotide sequences of three of the 37 genes of the mitochondrial genomes of ticks, 12S rRNA, 16S rRNA and cytochrome C oxidase I, have been a mainstay of tick molecular phylogenetics. The rest of the nucleotide sequence of the mitochondrial genome of tick species has been ignored. However, recent work shows that mitochondrial genomes contain much unexploited potential for the inference of the phylogeny and evolution of ticks.
Mitochondrial genomes are circular and have 37 genes in most metazoa : 13 protein-coding genes, 2 ribosomal RNA genes, 22 transfer RNA genes and a non-coding (control) region. The mitochondrial genomes of most metazoa, including the ticks that have been studied so far, are 14-16 kb long. Two types of information from mitochondrial genomes have contributed, and are likely to continue to contribute, to our understanding of the phylogeny and evolution of ticks : (1) the nucleotide sequences of these genomes, or at least the nucleotide sequences of the 13 protein-coding genes and two rRNA genes, which together constitute 13-13 . 5 kb ; and (2) idiosyncratic markers (sensu Murrell, Campbell & Barker, 2003) . Translocations and inversions of genes are the best known idiosyncratic markers. Duplications of genes and parts of genes, and changes to the secondary structures of tRNAs and rRNAs are other types of idiosyncratic markers. Nucleotide substitutions in tRNA motifs that are usually highly conserved are also markers that can be phylogenetically informative .
What we know about the mitochondrial genomes of ticks. The mitochondrial genomes of eight species of ticks have been sequenced entirely (Genbank Nos. are given in parentheses) : (1) Rhipicephalus sanguineus and Ixodes hexagonus (NC002010 and NC002074 ; Black & Roehrdanz, 1998) ; (2) Haemaphysalis flava, Carios capensis and Ornithodoros moubata (AB075954, AB075955 and AB073679 ; Shao et al. in press) and (3) I. persulcatus, I. holocyclus and I. uriae (NC004470, AB075953 and AB087746 ; Shao, Mitani, Fukunaga & Barker, unpublished) . In addition, we know the arrangement of genes in the mitochondrial genome of R. (Boophilus) microplus (Campbell & Barker, 1998 , 1999 and part of the arrangement of these genes in the following 51 species of hard and soft ticks : Amblyomma americanum, A. cajennense, A. hebraeum, A. fimbriatum, A. latum, A. maculatum, (Black & Roehrdanz, 1998 ; Campbell & Barker, 1998 ; Roehrdanz, Degrugillier & Black, 2002) .
Translocation and inversion of genes that are synapomorphies for groups of ticks. Black & Roehrdanz (1998) and Campbell & Barker (1998) simultaneously discovered a major rearrangement of mitochondrial genes that was synapomorphic for R. sanguineus and R. (Boophilus) microplus : a section of the genome that contains the genes ND5, ND4, ND4L, ND6, Cyt b and five tRNAs has ' swapped ' positions with a section that contains ND1, 16S, 12S, CR and four tRNA genes. In addition, Black & Roehrdanz (1998) , Campbell & Barker (1998 , 1999 and Roehrdanz, Degrugillier & Black (2002) showed by PCR that this translocation was in fact synapomorphic for the known Metastriata since 28 species from eight genera, which were from all of the subfamilies of metrastriate ticks, had this rearrangement too. The translocation of tRNA Leu (CUN) and the translocation and inversion of tRNA Cys are also synapomorphies for the Metastriata (27 species in eight genera; Black & Roehrdanz, 1998 ; Campbell & Barker, 1998 , 1999 .
Other idiosyncratic markers from the mitochondrial genomes of ticks. assessed the value of idiosyncratic markers and changes to nucleotide sequences in tRNAs that are usually highly conserved for inference of the phylogeny of hard ticks. Many markers were informative. Moreover, parallel and convergent evolution of these markers was rare. Here are some examples of idiosyncratic markers that are synapomorphic for groups of ticks : (1) a region of tandemly repeated sequence (composed of tRNA Glu and 60 bp of the 3k end of ND1) unites R. (Boophilus) microplus and R. (Boophilus) annulatus to the exclusion of the other three R. (Boophilus) species ; (2) a region of 25 bp repeats between the 5k end of ND1 and 16S and is synapomorphic for the Metastriata ; and (3) a 15 bp insertion between tRNA Ala and tRNA Arg is synapomorphic for the genus Hyalomma.
Intriguingly, some species of hard ticks, but not others, have two control regions. On the one hand I. hexagonus (Black & Roehrdanz, 1998) and I. acutitarsus, I. asanumai, I. bricatus, I. nipponensis I. ovatus, I. pavlovskyi, I. persulcatus, I. pilosus, I. ricinus, I. scapularis, I. simplex and I. turdus (Shao, Mitani, Fukunaga, & Barker, unpublished) have one control region like the hypothetical ancestor of the arthropods. On the other hand, all 8 of the 28 species examined from the putative Australasian Ixodes lineage (I. antechini, I. cordifer, I. cornuatus, I. hirsti, I. holocyclus, I. myrmecobii, I. trichosuri and, I. uriae ; Shao, Fukunaga, Murrell & Barker, unpublished) and all known metastriate ticks (Black & Roehrdanz 1998 ; Campbell & Barker 1998 , 1999 have two control regions. Two control regions might be a synapomorphy for the Australasian Ixodes plus the Metastriata. However, it is equally parsimonious that the presence of two control regions is plesiomorphic for the Australasian Ixodes plus the Metastriata.
Whole mitochondrial genome sequences. Whole genome sequences, or at least the nucleotide or amino acid sequences of the 13 protein-coding genes (ca. 12 kbp), have been used to infer the phylogeny of a range of vertebrates (e.g. Broughton, Milam & Roe, 2001 ; Haring et al. 2001 ; Inoue et al. 2001 ; MacaMeyer et al. 2001 ; Miya, Kawaguchi & Nishida, 2001 ; Schmitz, Ohme & Zischler, 2002) and invertebrates (e.g. Black & Roehrdanz, 1998 ; Wilson et al. 2000 ; Hwang et al. 2001) . Entire nucleotide sequences are available for eight species of ticks (above). Sequencing of mitochondrial genomes of a further three species of ticks and the alternative sister-groups of the ticks is underway. Once the nucleotide sequences of mitochondrial genomes from each of the major lineages of ticks are obtained the first whole mitochondrial-genome phylogeny of the ticks will be attempted.
Using phylogeny to understand how ticks have evolved
Accurate phylogenies allow us to study the evolution of phenotypes (e.g. morphological and life history traits) and to infer historical zoogeography e.g. where the first tick might have evolved. When traits are mapped onto a phylogeny we may discover, for example, how many times and in which environments a particular trait evolved. Below, we show how accurate phylogenies have contributed to our understanding of ornateness, life cycles, the archetypal host of ticks, where particular groups of ticks, and indeed the first tick, evolved, and the evolution of haematophagy in ticks.
Evolution of ornateness in rhipicephaline ticks. A number of ticks in the subfamily Rhipicephalinae have ornate (patterned) scuta. By mapping ornateness onto the phylogeny of Murrell et al. (2001 b) we can infer how ornateness might have evolved in the Rhipicephalinae sensu lato (Rhipicephalinae and Hyalomminae ; Fig. 3 ) based on the species in that study. We propose that an inornate scutum (not patterned) is the ancestral (plesiomorphic) characterstate for the Rhipicephalinae since inornate scuta predominate in a putative sister-group of the Rhipicephalinae, the Haemaphysaline, and in the early diverging (' basal ') lineages of hard ticks. Even if the Amblyomminae (members of which are both ornate and inornate) is the sister-group of the Rhipicephalinae, as proposed by Klompen et al. (2000) , the most parsimonious explanation is still that an inornate scutum is plesiomorphic for the Rhipicephalinae. If an inornate scutum is plesiomorphic for the Rhipicephalinae, then the simplest interpretation of Fig. 3 is that ornate scuta have evolved at least three times in the Rhipicephalinae s.l. : (1) in the ancestor of the Dermacentor and Anocentor species (all Dermacentor species are ornate but note that the most recent ancestor of A. nitens apparently reverted to the plesiomorphic state) ; (2) in N. monstrosum ; and (3) in R. maculatus and R. pulchellus. Note that Klompen et al. (1997) found some support from morphological characters for Cosmiomma being the earliest diverging lineage of Rhipicephalinae. If this is correct then it is just as parsimonious that ornateness is plesiomorphic for the Rhipicephalinae and that ornateness has been lost twice and secondarily gained twice in the Rhipicephalinae. In either scenario, ornateness has evolved more than once and been lost at least once in the rhipicephaline ticks.
The function, if any, of ornate scuta is unknown. However, it has been speculated that these ticks are advertising something, perhaps that they are unpalatable. Indeed, it is possible that the ornate rhipicephaline species from Africa are mimicking other ornate ticks from the genus Amblyomma, which may be unpalatable to tickbirds (Ivan Horak, personal communication).
Truncation of life cycles in rhipicephaline ticks. Most hard ticks have a three-host life cycle: each of the three mobile stages in the life cycle (larvae, nymphs and adults) leave the host to moult to the next stage (Hoogstraal, 1978) . In some ticks, moulting from larvae to nymphs takes place without leaving the host : the two-host ticks (all Rhipicephalus (Digineus) species and some Hyalomma spp.). In the most extreme case, all of the mobile stages remain on the one host : the one-host ticks (all R. (Boophilus) species, A. nitens and D. albipictus). There is much evidence that the plesiomorphic life cycle of the Rhipicephalinae s.l. is a three-host life cycle, since all known life cycles in the putative sister-groups of the Rhipicephalinae s.l., the Haemaphysalinae, and indeed in all other Ixodidae, are three-host life cycles. Murrell et al. (2001 b) found that when the number of stages in the life cycle is mapped onto their phylogeny, a life cycle with a reduced number of hosts (two or one) has evolved as many as four times: in R. evertsi, in A. nitens, in some Hyalomma species (life cycles may vary within a species; Hoogstraal, 1978 ; Sonenshine, Fig. 3 . A strict consensus of the 8 shortest maximum parsimony trees from a total-evidence analysis of nucleotide sequences from 4 genes (12S, COI, ITS2, SSU rRNA) and morphology from Murrell et al. (2001 b) . Ornamentation of the scutum and the number of hosts required to complete life cycles have been mapped onto this tree. Note that Hy. dromedarii has 1, 2 and 3-host life cycles and that the genus Boophilus is now a subgenus of the genus Rhipicephalus. (Fig. 3) . It is unclear whether the evolution of a two-host life cycle in Rhipicephalus (Digineus) species (e.g. R. evertsi) and a one-host life cycle in R. (Boophilus) species are linked evolutionarily. Despite being phylogenetically close to R. (Boophilus) species, R. evertsi is apparently closer, phylogenetically, to species from the R. pravus group which are three-host ticks (refer to Fig. 2) . Hoogstraal (1978) discussed the evolution of reductions in the number of hosts in life cycles and concluded that the survival of larvae is more precarious than survival of other life stages, so the larvae are the ' weak link ' in the life cycles of ticks. Hoogstraal (1978) concluded that selection pressure for two-host and one-host life cycles would be strong in ticks that are associated with hosts that wander, but weak in ticks with hosts that have a nest or localized breeding site. In ticks of hosts that wander, it would be more difficult for larvae and nymphs to find a host than for ticks with hosts that do not wander. As far as we know the only ixodid ticks with truncated life cycles, either with one or two hosts, are in the Rhipicephalinae.
1993) and in the R. (Boophilus) species
Historical zoogeography of rhipicephaline ticks. The regions inhabited by ticks may also be mapped onto the phylogeny of ticks. To demonstrate this approach we highlight the zoogeographical analysis of Murrell et al. (2001 b) . This analysis shows that the Dermacentor-Anocentor clade, the RhipicephalusBoophilus-Hyalomma-Nosomma-Rhipicentor clade, the Rhipicephalus-Boophilus clade, the subgenus R. (Boophilus), and the hypothetical ancestors of the Rhipicephalinae s.l. probably evolved in the Afrotropical region (Fig. 4) but note that they did not study some lineages such as the oriential Dermacentor and Rhipicephalus species. Only a handful of rhipicephaline species seem to have evolved in a region other than the Afrotropical region : the clade with Anocentor nitens plus some Dermacentor species, Hy. aegyptium (ex tortoises), Hy. dromedarii (ex camels), Hy. hussaini (ex ungulates), N. monstrosum (ex buffalo and others), R. (Boophilus) kohlsi (ex goats and sheep) and R. pumilio (ex wide range of mammals). It is not clear where R. sanguineus (ex dogs) and R. turanicus (ex dogs and other large mammals) evolved. R. turanicus occurs in Africa and many European countries whilst R. sanguineus can now be found on dogs throughout the world. Fig. 4 also allows us to speculate about the history of the rhipicephaline ticks. Murrell et al. (2001 b) proposed that : (1) The ancestor of the DermacentorAnocentor lineage evolved in the Afrotropical region. Then ticks of this lineage dispersed into Eurasia, probably in the Eocene (50 Mya) a period for which there is evidence for migration of mammals between Africa and Eurasia (Cox & Moore, 1993) . After the Eocene, Africa became isolated and most dispersal and cladogenesis was in and between the Palearctic and Nearctic regions where most Dermacentor species are found today. Only two species from the Dermacentor-Anocentor lineage are found in Africa today, either because there has been little speciation in this lineage in Africa or because species from this lineage became extinct. During the Oligocene (y35 Mya) dispersal between Eurasia and the Nearctic was possible via the Bering land-bridge and movement between Europe and the Nearctic via Greenland (Cox & Moore, 1993) . Much later (2 . 5 Mya) dispersal between the Nearctic and Neotropical regions was via the Isthmus of Panama. Hypotheses of an African origin of the genus Dermacentor contrast with previous ideas about the origin of this genus which have centred around arguments over whether Dermacentor evolved in the Nearctic region and moved into the Palearctic and Oriental regions, or whether the Dermacentor species evolved in the Palearctic and then dispersed to Nearctic and Oriental regions (Balashov, 1994 ; Berdyev, 1989 ; Crosbie et al. 1998) ; (2) The NosommaHyalomma lineage appears to have evolved from an ancestor that lived in the Oriental region, perhaps in the early Miocene (y19 Mya) when movement from Africa into Asia was possible for the ancestor of these species via a land bridge (Cox & Moore, 1993) . Movement from Asia to Eurasia became possible and then there was probably dispersal back into Africa after Africa and Eurasia were joined by a land bridge 14 Mya (Cox & Moore, 1993) . This proposal is consistent with Balashov (1994) ; he proposed an Asian origin for the genus Hyalomma ; (3) The BoophilusRhipicephalus lineage probably evolved and radiated in Africa i.e. when Africa was mostly isolated from the Palearctic and Oriental regions before the formation of the land bridge between Africa and Eurasia (14 Mya). Dispersal and radiation into Eurasia and Asia probably occurred after the land bridge formed between Africa and Eurasia in the Miocene. Balashov (1994) proposed that the genus Rhipicephalus evolved in Africa but thought it likely that the subgenus R. (Boophilus) evolved in Europe. However, the phylogeny of Murrell et al. (2001 b) indicates that the subgenus R. (Boophilus) evolved in Africa (also see Murrell et al. 2000) ; and (4) The Rhipicentor lineage (2 species) appears to have evolved in, and then remained in, Africa, although the possibility that species from this lineage evolved in, or dispersed to, other regions but then became extinct in those regions cannot be ruled out. Anomalohimalaya species live in the Palearctic and Oriental regions but not until the phylogenetic position of this genus is resolved can its historical biogeography be inferred.
Where did the first hard ticks evolve and how did their descendants spread around the globe ? Two main hypotheses have been proposed that address this question. On the one hand, Dobson & Barker (1999) proposed that hard ticks, and indeed all ticks, may have evolved in Australia, or more precisely in that part of Gondwana that became Australia, on early crocodile-like amphibians (Labyrinthodonts, which are now extinct) in the Devonian ca. 390 Mya. On the other hand, Klompen et al. (1996 Klompen et al. ( , 2000 proposed that the first hard ticks evolved in Australia much later (120 Mya), when Australia and Antarctica had separated from the other landmasses of Gondwana. The two proposals differ in the proposed time of origin of the hard ticks (ca. 390 Mya vs. ca. 120 Mya). Three hundred and ninety Mya Gondwana was intact, so land animals could have moved between Australia, Antarctica, South America, Africa and India. However, 120 Mya, Australia was connected to Antarctica but not to South America, Africa and India: these three land masses had become island continents. Klompen et al. (2000) argued against the origin of ticks 390 Mya on labyrinthodont amphibians since modern-day Australian amphibians do not have ticks. [We know of only one amphibian that is regularly infested with ticks : Bufo marinus (cane toad infested by Amblyomma rotundatum in South America).] However, the labyrinthodont amphibians belonged to a ' distinct evolutionary radiation to that which produced our modern amphibian fauna ' (Vickers- Rich & Rich, 1993 ). So we would not necessarily expect modern amphibians to be infested with the direct descendants of the ticks that infested labyrinthodont amphibians. Labyrinthodont amphibians lived alongside reptiles and mammal-like reptiles well into the Cretaceous ca. 65-140 Mya. So there was ample time for ticks to infest lineages of reptiles and/or mammal-like reptiles before the labyrinthodont amphibians became extinct (see Vickers-Rich & Rich, 1993 for an account of these terrestrial amphibians).
The evidence that the Ixodida evolved in that part of Gondwana that became Australia, is that the putative sister-group of the ticks, the Holothyrida (Lehtinen, 1991) , has a Gondwanan distribution (Australia, New Zealand, South and Central America, and islands in the Caribbean Sea and Indian Ocean) (Walter & Proctor, 1998 , 1999 and that the most ' primitive ' family of holothyrid mites is restricted to Australia and New Zealand (Allothyridae) (D. E. Walter personal communication). The evidence that the Ixodidae evolved in Australia is that the earliest-diverging (' basal ') lineage of the Metastriata, the Bothriocrotoninae, and one of the two putative lineages of the Ixodes, the Australasian Ixodes, live almost exclusively in Australasia (but note that I. uriae of the Australasian Ixodes lineage has a worldwide distribution on sea birds). Questions about where the first ticks evolved, and indeed the first hard ticks, are still far from resolved.
What were the first hosts of ticks : reptiles, amphibians or birds ? Alas, the oldest fossil ticks are only about 90-94 Mya old (Cretaceous) (Klompen & Grimaldi, 2001 ; Poinar & Brown, 2003) . Prior to Klompen & Grimaldi (2001) and Poinar & Brown (2003) , records of ticks were restricted to the Miocene (15-20 Mya ; Lane & Poinar, 1986) , the Oligocene (y30 Mya) and the Eocene (35-40 Mya; reviewed in Grimaldi, 2001 and in Fuente, 2003) . So it seems that inference of the archetypal host will have to rely on estimates of the age of the Ixodida clade and knowledge of the potential hosts that were available at that time. Hoogstraal (1978) thought that the reptiles were the first hosts of ticks ; Oliver (1989) proposed amphibians ; whereas Stothard & Fuerst (1995) suggested birds. Dobson & Barker (1999) argued for labryrinthodont amphibians (which evolved in that part of Gondwana that became Australia) as the archetypal host (see also above).
How did haematophagy (blood-feeding behaviour) evolve in ticks ? To feed efficiently haematophagous arthropods adapt to the haemostatic system of their hosts (see Mans, Louw & Neitz, 2002) . Mans, Louw & Neitz (2002) compared the sequences of inhibitors of blood coagulation and platelet aggregration in hard and soft ticks and insects and found that the inhibitors from hard and soft ticks did not share a common origin. This indicates independent adaptation to blood-feeding by hard and soft ticks, rather than adaptation to blood-feeding prior to the divergence of hard and soft ticks.
Since Linnaeus described the first tick in 1746, a veritable army of biologists have contributed to the current taxonomic scheme of the ticks. Latreille was the first to classify the ' tiques ' and in 1795 divided them into 11 genera, two of which were Argas and Ixodes (see Nuttall & Warburton, 1911) . It is highly desirable that taxa are monophyletic and thus that classifications reflect accurately our knowledge of the evolutionary history (phylogeny) of organisms. A number of changes to the taxonomy of ticks have occurred or have been proposed recently to account for recent advances in our knowledge of the phylogeny of ticks.
Revision of the Argasidae Klompen & Oliver (1993) revised the genera of the Argasidae. These authors reduced the number of genera from five to four : Carios, Ornithodoros, Otobius and Argas. Some species were moved from one genus to another and Carios was elevated from subgenus to genus. This revision is not universally accepted, however, a phylogeny inferred from SSU rDNA by Black et al. (1997) was consistent with the revision of Klompen & Oliver (1993) . Ushijima et al. (2003) also concluded that their analyses of part of mitochondrial 16S rRNA of Carios capensis were consistent with Klompen & Oliver (2003) . [However, we note that there was <50 % bootstrap support for monophyly of C. capensis, C. marginatus and C. mexicanus.] We, like Horak, Camicas & Keirans (2002) , incorporated the revision of Klompen & Oliver (1993) into our list of valid genus and species names (Table 1) .
A new subfamily of hard ticks
A new subfamily, Bothriocrotoninae and a new genus Bothriocroton were described for the lineage of five species of Australian endemic ticks that predominantly infest reptiles (Klompen, Dobson & Barker, 2002) .
Synonymy of Amblyomma and Aponomma. The genus Aponomma, or remains thereof, was synonymised with the genus Amblyomma because Amblyomma is paraphyletic without the inclusion of Aponomma (Klompen et al. 2002) . Klompen et al. (2002) stated that ' the status of the '' primitive Aponomma '' remains unclear ' and therefore Aponomma sphenodonti and A. elaphense were ' tentatively placed with the '' typical Aponomma '' in Amblyomma, until further evidence relating them to other ixodid lineages is generated '.
The Hyalomminae and Rhipicephalinae should be synonymised. Many authors have suggested that the subfamily Hyalomminae Schulze, 1940 should be synonymised with the subfamily Rhipicephalinae Banks, 1908 because the Rhipicephalinae is paraphyletic without the inclusion of members of the Hyalomminae (Murrell et al. 2001 b; Klompen et al. 2000 Klompen et al. , 2002 . However, some authors still use this name (e.g. Horak, Camicas & Keirans, 2002) and thus, presumably, are not convinced by the evidence of Murrell et al. (2001 b) and Klompen et al. (2000 Klompen et al. ( , 2002 .
Rhipicephalus and Boophilus have been synonymised . Murrell et al. (2001 b) then proposed that the genus Boophilus Curtice, 1891 be relegated to a subgenus of Rhipicephalus Koch, 1844 because, as outlined in the previous section, the genus Rhipicephalus is paraphyletic without the inclusion of the species of Boophilus. The alternative was to elevate some species or species groups of Rhipicephalus to the rank of genus. This was undesirable, first because it increases greatly the number of genus names and second because not enough is known about the phylogeny of the Rhipicephalus species to warrant splitting the genus into a number of new genera. By placing the Boophilus species in a subgenus of Rhipicephalus, Rhipicephalus (Boophilus), the name Boophilus can still be used for the five species that were in the genus Boophilus. It was desirable that the name Boophilus be available, since there is a lot of literature on the Boophilus species and hundreds, perhaps thousands of people use these names regularly (Murrell et al. 2001 b) .
A current list of the valid genus and species names of ticks
The most recent and pertinent taxonomic schemes and lists of names of ticks are : (1) Keirans, (1992) for species names as at 1992 ; (2) Camicas et al. (1998) for species names as at the end of 1995 ; (3) Keirans & Robbins (1999) , a list of species described between 1973 and 1997 ; (4) Horak, Camicas & Keirans (2002) ; and (5) Walker, Keirans & Horak (2000) , which is a comprehensive taxonomy of 74 species of the genus Rhipicephalus [note that a subsequent revision by moved all five species from the genus Boophilus to the genus Rhipicephalus so there are now 79 species in the genus Rhipicephalus]. Table 1 is a compilation of the genus and species of Keirans (1992) , Camicas et al. (1998) , Keirans & Robbins (1999) , Horak, Camicas & Walker (2002) plus the three species, including one new genus, Cornupalpatum, that have been described since 2002. For the Rhipicephalus species we list only the species in Walker, Keirans & Horak (2000) since this was a comprehensive taxonomic treatment of the group. We ignored the plethora of subgenera, species groups and subspecies with one exception Rhipicephalus (Boophilus) -see discussion above. We also ignored the genus-level taxonomy of Camicas et al. (1998) because it differs markedly with the genuslevel taxonomy of Keirans (1992) , Keirans & Robbins (1999) and Horak, Camicas & Keirans (2002) . For example, Camicas et al. (1998) has the Ixodes species of Keirans (1992) , Keirans & Robbins (1999) and Horak, Camicas & Keirans (2002) in six different genera :Ixodes,Ceratixodes,Eschatocephalus, Lepidixodes, Pholeoixodes and Scaphixodes. Since Camicas is an author of the most recent of the above lists, Horak, Camicas & Keirans (2002) , which ignores these genus names, this omission seems to be justified. The superscripts in Table 1 show the paper(s) in which each name appears : Keirans (1992) K ; Camicas, Hervy, Adam & Morel (1998) CHAM ; Keirans & Robbins (1999) KR ; Walker, Keirans & Horak (2000) WKH ; and Horak et al. (2002) HCK . You will notice that these lists differ. Most species names are in all possible lists for that particular species e.g. I. holocyclus Neumann, 1899 which is in Keirans (1992) , Camicas et al. (1998) and Horak et al. (2002) . However, some names appear in two of three possible lists (e.g. I. anatis Chilton, 1904 which is in Keirans (1992) and Horak et al. (2002) but not in Camicas et al. (2002) ) or one of three possible lists (e.g. I. apteridis Maskell, 1897 which is in Camicas et al. (1998) but not Keirans (1992) , Keirans & Robbins (1999) nor Horak et al. (2002) ). We trust that our list will lay the foundation for a new list of valid names with evidence and arguments for the removal and/or addition of names from the literature. The three species and one genus described since the last list of species names (Horak et al. 2002) (Poinar & Brown, 2003) . There is only one species in the genus Cornupalpatum. This tick resembles some species of Amblyomma (formerly Aponomma spp. that infest reptiles). Note that Argas cooleyi (McIvor, 1941 ) is a homonym of Argas cooleyi Kohls & Hoogstraal, 1960 , and vice versa. These homonyms were inadvertently created when Klompen & Oliver (1993) moved the subgenus Ornithodoros (Alveonasus) from the genus Ornithodoros to the genus Argas.
C O N C L U S I O N S
Taxonomic schemes provide the evolutionary framework that all tick biologists use to help interpret the biology and phenotypes of the species of ticks they study. Fortunately, there has been much progress in our understanding of the phylogeny of ticks since the mid 1990s when modern methods were first applied to the study of tick phylogeny. There is now consensus among many workers in the field about many clades of ticks, e.g. that the five species of endemic Australian ticks that were in the former genus Aponomma that infest reptiles are a distinct lineage of ticks, that the Hyalomminae is embedded in the Rhipicephalinae and that some species of the genus Rhipicephalus are more closely related to the Boophilus species than they are to the other Rhipicephalus species. Yet there is disagreement, or more often a lack of information, about the relationships of other ticks (e.g. the phylogenetic position of the Haemaphysalinae and whether or not the genus Ixodes is monophyletic) and where and when the ticks evolved. Study of the mitochondrial genomes of ticks has also provided insight into the phylogeny and evolution of ticks. Entire WKH mitochondrial genome sequences from each of the subfamilies of ticks and their potential sister-groups (holothyrid and mesostigmatid mites) are likely to reveal even more about the systematics of these fascinating arthropods. We have the tools to address many of the remaining outstanding questions but pivotal taxa may continue to be difficult to collect (e.g. Nuttalliella namaqua and Anomalohimalaya species). Nonetheless the tick-systematics community will continue to seek the answers to longstanding questions about the evolution of these fascinating parasites.
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